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A spark discharge is coupled to a laser multicharged ion source to enhance ion generation. The
laser plasma triggers a spark discharge with electrodes located in front of the ablated target. For
an aluminum target, the spark discharge results in significant enhancement in the generation of
multicharged ions along with higher charge states than observed with the laser source alone. When
a Nd:YAG laser pulse (wavelength 1064 nm, pulse width 7.4 ns, pulse energy 72 mJ, laser spot area
on target 0.0024 cm2) is used, the total multicharged ions detected by a Faraday cup is 1.0 nC with
charge state up to Al3+. When the spark amplification stage is used (0.1 µF capacitor charged to
5.0 kV), the total charge measured increases by a factor of ∼9 with up to Al6+ charge observed.
Using laser pulse energy of 45 mJ, charge amplification by a factor of ∼13 was observed for a
capacitor voltage of 4.5 kV. The spark discharge increases the multicharged ion generation without
increasing target ablation, which solely results from the laser pulse. This allows for increased
multicharged ion generation with relatively low laser energy pulses and less damage to the surface of
the target. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4923457]
I. INTRODUCTION
Multicharged ions (MCIs) sources are of interest for their
utilization in surface modification, e.g., etching and deposi-
tion, for ion implantation and for fundamental studies of ion-
surface interactions. The interaction of MCIs with solids is
different from that of singly charged ions. For singly charged
ions, the ion projectile mainly interacts with the target nuclei
causing surface sputtering, intermixing, and defect genera-
tion.1 The total energy of an ion beam depends on the charge
state of the ions (potential energy) and its velocity (kinetic
energy). During interaction with a solid, the potential energy
carried by the MCIs is released along with its kinetic energy.
This potential energy can be significant for highly charged ions
and can exceed that of the ion kinetic energy. The release of the
ion potential energy causes electronic exchange interaction in
the target material and electronic excitation.2 For sufficiently
slow MCI, this released potential energy can be localized
to a depth of few nanometers causing surface nano-features.
The ability to select potential and kinetic energy of the MCI
makes MCI sources an important tool for nanotechnology,
microelectronics, and semiconductor processing.
One attractive application of MCIs is ion implantation.
MCIs can allow for ion implantation at different depths in
a single step since different charge states are accelerated to
different kinetic energies with the same potential.3 Also, the
ability to control both kinetic and potential energy of the
MCIs could possibly be used to minimize implantation dam-
age by ion recoil.3 The higher charge state allows reaching
higher kinetic energies with lower potential, therefore, reduc-
ing the requirement on the high voltage power supply making
a)Author to whom correspondence should be addressed. Electronic mail:
helsayed@odu.edu. Telephone: (757)269-5645.
it possible to develop comparatively low-cost and compact ion
implanter.
Multicharged ions are mainly generated by electron cyclo-
tron resonance ion sources (ECRIS),4,5 electron beam ion
sources (EBIS),6,7 and laser multicharged ion (LMCI)
sources.8,9 ECRIS and EBIS operate only with gases and,
therefore, for elements with low vapor pressures, they require
introducing gaseous compounds or some vaporization mecha-
nism. Introduction of gases inside the MCI system requires
additional pumping capacity to avoid recombination of the
MCIs in the generation chamber and the transport beam line.
ECRIS and EBIS can produce a continuous beam of MCIs.
LMCI sources generate a large number of ions per pulse and
can generate MCIs from any solid even from nonconductive or
refractory targets.8,10 LMCI sources can operate in ultrahigh
vacuum with a relatively small pumping capacity since no
gas load is required for most elements. In principle, LMCI
sources can also be used with gas targets since ultrafast laser
pulses can induce gas breakdown generating dense plasma.9
Laser ion sources have been tested as potential ion sources for
injection into ion accelerators.11 Moreover, many pulsed laser
deposition systems can be reconfigured into LMCI sources.
In LMCI sources, multicharged ions are generated by
focusing a laser pulse on a solid target causing its ablation and
ionization. The laser-matter interaction produces dense plasma
consisting of ions, electrons, clusters, and neutral particles.
The laser plasma plume expands in the perpendicular direction
to the ablated surface. The ions are accelerated in the plasma
sheath and can be additionally accelerated by an external elec-
tric field forming an ion beam.12–14 LMCI source produces ions
from a small spot on the target, which gives control on the
ion beam divergence and emittance. The produced MCIs can
then be collimated and focused in an ion transport line. Ion
charge state selection can be accomplished by electrostatic or
magnetic deflectors or by time-of-flight (TOF) pick up with
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deflection plates. Ions with a narrow range of energy-to-charge
ratio can be selected with an electrostatic energy analyzer.
Several groups have developed LMCI sources. Abdel-
latif et al. reported that, for aluminum target ablation using
a Nd:YAG laser (λ = 1064 nm, τ = 7 ns and laser inten-
sity of 8.7 × 1010 W cm−2), the plasma density was ∼1.13
× 1018 cm−3 at a distance 100 µm from the Al target surface.15
At a distance of 1200 µm from the target surface, the plasma
density was reduced to 0.55 × 1018 cm−3. The plasma temper-
ature was ∼1.17 eV at the target surface, and at a distance
of 500 µm, the plasma temperature increased to 4.2 eV then
decreased beyond this point. In their experiment, Al charge
up to 3+ was generated.15 Nassisi et al. reported on Cu LMCI
source with charge state up to 5+ with the majority of ions
generated in the singly and doubly charged states with ioniza-
tion of the plasma estimated to be 16%. In their experiment,
an excimer laser providing 70 mJ/pulse, corresponding to 3.5
× 108 W cm−2, was used.16–18 A Nd:YAG laser (λ = 532 nm,
τ = 3 ns, and maximum energy of 170 mJ/pulse) was used to
ablate carbon plasma creating in excess of 70% ionization.19
To increase the production of MCIs from LMCI sources,
higher plasma density and temperature are needed. This is
achieved through the use of larger laser pulse energies, shorter
pulse widths, and shorter laser wavelengths to pene-
trate the formed dense plasma.20–28 High laser intensity
(≥1014 W cm−2) causes nonlinear interactions, e.g., self-focus-
ing, with the plasma formed by a pre-pulse or the initial part of
the laser pulse resulting in higher charge state generation.20,21
Laska et al. observed charge state of >50 for Ta with high
kinetic energies (up to 100 keV/amu) using a high power
iodine photo-dissociation laser (λ = 1315 nm, pulse energy
40–750 J, τ ∼400 ps, intensity ≤6 × 1016 W cm−2).20–22 A
strong increase in MCI production was observed for laser
intensities above ∼2 × 1014 W cm−2 when the laser focus was
above the target surface. They also reported on the production
of MCIs from different elements by a Nd:YAG laser (λ = 1064
nm, pulse energy ≤0.9 J, pulse width∼9 ns, intensity∼1 × 109
to ∼5 × 1010 W cm−2) and an iodine laser (2nd and 3rd har-
monic of the fundamental λ = 1310.5 nm, pulse energy ≤50 J,
pulse width∼350 ps).23 For the Nd:YAG laser, which provided
low laser intensity, the maximum ion charges reported were
Nb8+, Ta8+, W9+, Au10+, and Pb9+. For the iodine laser, the
maximum charges observed were Co25+, Ni26+, Ag36+, Sn38+,
Ta55+, W49+, Pt50+, Au51+, Pb51+, and Bi51+ ion.23 Lorusso
et al. used frequency tripled pulses of the iodine laser (λ
= 438 nm, τ = 400 ps, pulse energy ≤250 J) to generate up
to Ge+25 ion.24 A theoretical model of a hybrid ion source
composed of a Nd:YAG laser (λ = 1064 nm, τ = 9 ns, and
maximum pulse energy of 0.9 J) coupled with ECRIS to boost
the charge state was developed.25 These calculations showed
that this approach could be effective if the ion energy from the
laser source is maintained below a few hundred eV. However,
precise control of ion energy in laser ion sources is compli-
cated by ion acceleration in the sheath and plasma shielding
effects. In addition, contaminations for the first laser shot can
require further outgassing and target etching.25 Woryna et al.
reported the generation of up to Ag37+ with an iodine laser (λ
= 1315 nm, τ = 300-700 ps, pulse energy ∼45 J, intensity ∼1
× 1014 W cm−2).26 Using iodine laser (λ = 1315 nm, pulse
width 350-600 ps, pulse energy 40 J, and intensity
∼1015 W cm−2), Rohlena et al. reported the generation of
charge state up to Ta45+ with energies >4 MeV.27 At CERN,
production of high current and high charge state ion beam
with maximum charge state of Ta23+ was reported using a CO2
laser (λ = 10.6 µm, τ = 70 ns, pulse energy ≤50 J).28 Clearly,
using lasers with large pulse energies is effective in increasing
the plasma density and temperature resulting in higher ioniza-
tion states and more ion production. However, this approach
requires expensive lasers that are typically available only in
limited laser laboratories. Therefore, it is desirable to develop
LMCI sources capable of delivering high charge states without
the complication and cost associated with large laser systems.
We report on the development of a spark discharge
coupled laser multicharged ion (SD-LMCI) source to enhance
the plasma ionization by depositing spark energy into the
laser ablated plume. A similar type of experiment was con-
ducted by Nassef and Elsayed-Ali to enhance the spectral line
intensity and signal/background ratio using spark discharge
coupled laser induced breakdown spectroscopy.29 The SD-
LMCI source is composed of a laser MCI source and a separate
spark stage to deposit energy into the laser ablated plasma. A
Q-switched 7.4 ns pulse width Nd:YAG laser is used to ablate
Al target. The electrodes of the spark system are placed in front
of the Al target and the laser beam is incident on the target
through the gap of the electrodes. An accelerating voltage
is applied to the target while a grounded mesh is placed in
front of the target in order to extract, accelerate, and direct the
generated MCIs towards the Faraday cup. The velocity and
the charge state of the extracted MCIs are measured using ion
TOF as detected by a Faraday cup. The results show that a
simple spark discharge, triggered by the laser plasma, can be
effectively used to amplify the number of ions produced and
increase the ion charge state achieved.
II. EXPERIMENTAL SETUP
A schematic of the SD-LMCI source is shown in Fig. 1.
The target is ablated with a Q-switched Nd:YAG laser pulse
(λ = 1064 nm, 7.4 ns pulse width (full-width at half maxima
(FWHM)), and pulse energy 72 mJ). The laser beam strikes the
Al target surface at an angleϑ = 45◦. The laser beam is focused
on the Al surface by a convergent lens with 50 cm focal length.
The laser spot area at focus was 0.0024 cm2, as measured by
the knife-edge method at target-equivalent plane with the edge
scanned at 45◦ to the laser beam. The knife edge was used to
scan the laser beam in both horizontal and vertical directions.
A combination of half-wave plate and thin film polarizer is
used to control the focused laser energy on the target. The data
reported here were all obtained using a single laser pulse. A
99.9% pure, 0.5 mm thick aluminum disc target (Alfa Aesar)
with a surface roughness of 261.77 nm is placed on a multi-
axes translational stage. An insulating connector is used to
mount the Al target support inside the MCI generation cham-
ber. This arrangement allows applying accelerating voltage
directly to the Al target, keeping the experimental chamber
at ground. Throughout the experiment, 5 kV bias voltage was
applied to the Al target. A nickel mesh of diameter 10-cm,
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FIG. 1. A schematic of the spark discharge coupled laser multicharged ion (SD-LMCI) source showing the target chamber and a spark system to deposit energy
into the plasma plume; Vc is the Faraday cup voltage and Vs is the suppressor voltage. Inset shows the experimental setup used for the spark discharge; C is
capacitor, V is voltage applied to the capacitor, R is current limiting resistor, and L is inductor.
thickness of 100 µm, and with an open area of 70% (Precision
Eforming) is placed 15-cm in front of the target.
The spark is composed of two parallel Al electrodes of
diameter 3.2 mm, separated by ∼3 mm, and placed ∼5 mm
in front of the Al target, as shown in the inset of Fig. 1.
The 0.1 µF capacitor is connected to a variable DC power
supply through a 5 MΩ current limiting resistor. One of the
electrodes is connected to the capacitor through a 0.15 µH
inductor. The other electrode is grounded through a 25 cm
long wire. The capacitor was charged up to 5 kV. No self-
breakdown occurred for these voltages. A high voltage probe
(Tektronix P6015A) and a current pick up coil (Pearson Elec-
tronics, Inc., 0.001 V/A current monitor) are used to record
the voltage drop across the discharge and the discharge current
using an oscilloscope. The laser beam strikes the Al sample
through the ∼3-mm electrode separation. The laser plasma
plume expands between the electrodes triggering the spark
discharge.
The diameter of the MCI generation chamber is 15 cm.
A 125 cm long, 10.2 cm internal diameter (ID) transport tube
is connected to the chamber. A Faraday cup of diameter 5 cm
made out of Al is placed at the end of the drift tube to collect the
MCIs. The interaction of the ions with the Faraday cup emits
secondary electrons. To suppress these electrons, a higher
negative voltage than the Faraday cup biasing is applied to the
suppressor electrode. Throughout the experiment, the Faraday
cup voltage was maintained at −70 V and the suppressor elec-
trode voltage was at −110 V. The Faraday cup is connected to
the oscilloscope through a capacitor (5 µF), in order to remove
the bias voltage from the recorded MCI signal. The MCI
system is operating in high vacuum (background pressure in
10−7 Torr range) by using a combination of a turbo-molecular
pump for initial pumping followed by an ion pump. The total
scattering cross section for different MCIs was measured and
reported by several groups.30–32 According to their results, for
our experimental condition, the ion travel distance from the Al
target to the Faraday cup is much shorter than the mean free
path of the generated different MCIs, reducing the MCI loss
due to charge transfer with the background gas to a negligible
value.
III. RESULTS AND DISCUSSIONS
The spark discharge operation depends on the circuit
parameters, separation of the electrodes, electrode distance
from target, and the laser ablation plume characteristics.33,34
The value of the inductor L was adjusted in order to best
couple the spark discharge energy to the ablated plume. Fig. 2
shows the voltage measured across the spark discharge (a),
current through the discharge (b), and the power dissipated in
the plume by the spark (c) when the capacitorC was charged to
FIG. 2. (a) Voltage measured across the spark electrodes. (b) Discharge
current. (c) Deposited electric power in the plasma. The spark was triggered
by the Al plasma plume when a 72 mJ laser pulse ablated the Al target. The
capacitor C was charged to 5.0 kV.
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5.0 kV and a laser energy pulse of 72 mJ was used to ablate the
Al target. At this voltage, the total stored energy inC is 1.25 J.
As the spark is initiated, the voltage across the two electrodes
shows a sudden decay in 1.2 µs. The corresponding current
shows damped oscillations with a maximum of ∼670 A, as
shown in Fig. 2(b). The peak power deposited into the plasma
plume is ∼0.67 MW, which decays to ∼0.1 MW in ∼1 µs then
oscillates while diminishing with time as shown in Fig. 2(c).
Integrating the power dissipating in the discharge, shown in
Fig. 2(c), the total energy deposited into the plasma plume
is 0.9 J with 0.4 J deposited in 1.0 µs after initiation of the
spark discharge. Discharge power dissipation time of ∼1 µs
or less can best couple the discharge energy with the laser
plume and is needed to preserve the shape of the ion signal
showing the different ion states separated in time for time-of-
flight detection.
The total charge reaching the Faraday cup Qi is given
by Qi = 1RL

VF(t)dt, where VF(t) is the voltage signal on
the Faraday cup and RL is the 50 Ω internal resistance of the
oscilloscope. The process we use to deconvolve the Faraday
cup signal into curves for each charge state has been explained
in a recent publication on the LMCI source without the spark.35
The ions, extracted from the plasma plume by the electric field
between the target and the grounded mesh, are detected by
their TOF signal measured by the Faraday cup. Due to plasma
shielding, the ions are not accelerated to the full potential
applied between target and grid. The electric field due to
the voltage applied to the spark also decelerates the MCIs.
If effects due to plasma shielding and the spark electrodes
are not considered, an ion generated at the target with zero
energy would reach the Faraday cup after a time-of-flight of







2ZeV S, where ta is the time an
ion is accelerated from zero velocity at target to velocity v at
the extraction mesh, td is the time that ions drift at constant
velocity v from the extraction mesh to the Faraday cup, d is
the distance from the target to the extraction mesh, S is the
distance from the extraction mesh to the Faraday cup, m is
the mass of Al atom, e is the electron charge, Z is the charge
state, and V is the applied accelerating voltage. The above
equation does not account for ion acceleration in the plasma
which, for our laser parameters, is mainly due to the sheath
potential. The ion accelerating time ta is small compared to
the ion drift time td. Identifying the charge state from the
TOF spectra was performed as follows: Since the Al1+ has
the lowest velocity, the arrival time of these ions corresponds
to the longest TOF. The effective acceleration potential that
the Al1+ ions were subjected to is obtained by calculating the
accelerating voltage required to achieve this TOF for Al+1 and
applying this accelerating voltage in the above TOF equation.
This potential is then used in the TOF equation to determine the
TOF of MCIs with other charges. The estimated TOF for MCIs
with different charge states matches well the TOF spectra.
A. Effect of spark energy
The TOF ion signals without and with the spark discharge
are shown in Fig. 3. The pulse laser energy used was 72 mJ,
while the spark discharge was operated at different capacitor
C voltages. Without the spark, up to Al3+ MCI with a total
charge of ∼1 nC is detected as shown in Fig. 3(a). When
using the same laser pulse energy of 72 mJ and activating
the spark by charging the capacitor C to 1.0, 4.0, and 5.0 kV
(corresponding to stored energy of 0.05, 0.80, and 1.25 J,
respectively), the total charge detected is enhanced and higher
charge states are observed. For capacitor voltages of 1.0, 4.0,
and 5.0 kV, the total charges generated are 2.0, 6.6, and 9.2 nC,
respectively as shown in Figs. 3(b)-3(d). The maximum charge
states observed also increase reaching Al6+ for V = 5.0 kV.
The initial noise in the TOF signal before the arrival of the
MCIs to the Faraday cup is due to the spark generated RF noise
FIG. 3. Spark discharge enhancement of multicharged ion generation for 72 mJ laser energy. (a) Only the laser is used. (b)-(d) Spark discharge operating with
energy stored in C of 0.05, 0.80, and 1.25 J, respectively.
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that interferes with the signal detected by the Faraday cup.36
The TOF of the MCIs also shows some peaks with complex
shapes, for example, in Fig. 3(d), Al3+ and Al4+ MCIs show
double peaks. The shape of the MCI signal depends on the
energy characteristics of the ions which could involve slower
and faster ions depending on the ion generation mechanism
and the propagation of MCIs through the spark discharge
electrodes.37
The effect of the spark is to enhance ion generation and
increase the maximum ion charge state. By integrating the
area under each charge state in Fig. 3, one can determine
the abundance of each charge state. From Fig. 3(a), without
the spark, the ion charges detected are 72% Al1+, 21% Al2+,
and 7% Al3+, while with the spark with C charged at 1.25
J, the ion charges were 56% Al1+, 12% Al2+, 7% Al3+, 11%
Al4+, 7% Al5+, and 7% Al6+. The TOF of MCIs is increased
when the spark is used since the spark voltage decelerates the
extracted ions in the gap between the target and the extraction
mesh. In Fig. 4, we show calculation of the most probable
energy of the Al1+ based on TOF data in Fig. 3. When the laser
pulse was used without the spark, the most probable energy
of Al1+ is ∼1.8 keV. As the capacitor C was charged to 1.0,
4.0, and 5.0 kV (corresponding to stored energy of 0.05, 0.80,
and 1.25 J, respectively), the most probable energy of Al1+
became ∼1.1, ∼0.9, and ∼0.8 keV, respectively. The FWHM
of the kinetic energy distribution of Al1+ remains unchanged
at ∼0.6 keV regardless of the spark operating voltage showing
that the spark discharge did not introduce additional energy
spread in the ion distribution from the laser plasma.
Fig. 5 shows the increase in total charge detected with
the increase of energy stored in spark capacitor C. The laser
pulse energy is fixed at 72 mJ. We observed that, with the
increase of spark energy, total charge generation increased
slowly, and for 1.25 J spark energy, the total charge generation
increased by a factor of∼9 compared to charge generation with
the laser pulse alone. Increasing the spark energy deposited
into the laser plasma is expected to increase the plasma den-
sity and temperature, which in turn increases the total charge
generation.
FIG. 4. Energy distribution of Al1+ without spark (square) and with spark
energy of 0.05 (triangle), 0.8 (circle), and 1.25 J (pentagon) coupled with the
72 mJ laser pulse energy. Spark energy refers to energy stored in C .
FIG. 5. Effect of spark energy deposited into the plasma plume on total
charge detected. Error bars represent standard deviation. Spark energy refers
to energy stored in C .
B. Effect of laser energy
In nanosecond laser-matter interaction, an incident laser
pulse of sufficient energy causes evaporation of the target sur-
face. Since the pulse width of the nanosecond laser is relatively
long, the evaporated materials interact with the remaining part
of the laser beam causing progressive ionization of the plasma
plume.38,39 During this process, the electrons are heated by
inverse-bremsstrahlung. The heated electrons transfer their
energy to the ions and neutrals through collisions. In our
experimental conditions, the ablation time is much longer than
the time to transfer energy from energetic electrons to ions.15,40
The lifetime of the laser ablated plume is determined by the
velocity of the plume expansion, which in turn is related to the
hydrodynamic pressure inside the plume. The average veloc-
ity of the plume expansion is affected by the ion mass.41 In
laser ablated plasma, the ablated plasma density, temperature,
ablated mass, and the ion, electron energy is affected by the
laser pulse energy, intensity, and pulse width. The spark energy
deposited into the plasma plume is expected to increase the
plasma density and temperature leading to higher ionization
rate and higher state charge along with increase in the total
number of MCIs generated.
Fig. 6(a) shows the total charge detected for increasing
laser energy from 45 to 72 mJ without and with the spark
discharge (C charged to 1.00 J). Without the spark, changing
the laser pulse energy from 45 to 72 mJ increases the total
charge detected from ∼0.6 to ∼1.0 nC. When 1.00 J spark
energy is used in conjunction with the laser pulse, the total
charge detected increased from ∼8.0 to ∼8.3 nC for laser pulse
energies of 45 and 72 mJ, respectively. The almost lack of
dependence on the laser pulse energy shows that most of the
MCIs are generated by the spark discharge energy with the
spark causing amplification of the laser-generated MCIs by
a factor of ∼13 for a laser pulse energy of 45 mJ. Figs. 6(b)
and 6(c) show the MCI generation for 45 and 63 mJ laser
pulse energy without and with the spark discharge. Without
the spark, 45 and 63 mJ laser energies generate Al MCIs with
charge states up to Al1+ and Al3+, respectively. With a 1.00 J
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FIG. 6. (a) Measured total charge delivered to the Faraday cup for different
laser pulse energies without the spark (squares) and with 1.0 J spark energy
(circles). The error bars represent the standard deviation. The MCI spectra
for laser energy only (red) and for the combined effect of 1.0 J spark energy
and laser pulse energy (black) of (b) 45 and (c) 63 mJ.
spark, MCI charge states up to Al+5 are generated for both laser
pulse energies. The increased TOF for ions when the spark is
operated is due to the ion deceleration by the spark voltage
reducing ion kinetic energy. During the experiment, the laser
focus spot, angle of incidence on Al target, and pulse width of
the laser were kept constant, as described in the experimental
section.
IV. CONCLUSION
A spark discharge coupled laser multicharged ion source
was developed and tested. A 7.4 ns Nd:YAG laser is used
to ablate an Al target generating a plasma plume. The spark
discharge is triggered by the laser plume which significantly
simplifies the design and provides synchronization of the spark
discharge with the laser plume. The spark discharge amplifies
the total charge generation and results in higher charge states.
The charge state depends mostly on the spark energy deposited
rather than on the laser ablation energy. For a laser pulse energy
of 72 mJ and spark energy of 1.25 J, charge states up to Al6+
were detected. Under this condition, the total charge delivered
to the Faraday cup was ∼9.2 nC when the target was at 5 kV.
The SD-LMCI source is an effective method to generate high
charge states of MCIs with small laser pulse energies. This
approach also minimizes target damage by the laser pulse
since the laser is mainly used to introduce the vapor into the
spark while the energy delivered by the spark is used to heat
the plasma, which increases the MCI state along with total
charge production. The proof-of-concept presented here shows
the significant potential of the SD-LMCI source which can
be used to generate MCIs out of practically any solid target.
Further optimization of the SD-LMCI source is possible by
shortening the discharge energy deposition time in the plume
to increase the plasma density and temperature. This can be
achieved through improvement of the pulse forming network.
Also, providing control on discharge trigger time can lead
to better coupling of discharge energy with the laser plasma.
Other geometries for coupling the discharge energy to the
plasma plume and for MCI extraction can also lead to further
improvements in MCI yield and energy distribution.
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